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Application of glyphosate (N-[phosphonomethyl] glycine) to Bradyrhizobium sp. (Lupinus)-nodulated lupin
plants caused modifications in the protein pattern of bacteroids. The most significant change was the presence
of a 44-kDa polypeptide in bacteroids from plants treated with the higher doses of glyphosate employed (5 and
10 mM). The polypeptide has been characterized by the amino acid sequencing of its N terminus and the
isolation and nucleic acid sequencing of its encoding gene. It is putatively encoded by a single gene, and the
protein has been identified as a putative porin. Protein modeling revealed the existence of several domains
sharing similarity to different porins, such as a transmembrane beta-barrel. The protein has been designated
BLpp, for Bradyrhizobium sp. (Lupinus) putative porin, and would be the first porin described in Bradyrhizo-
bium sp. (Lupinus). In addition, a putative conserved domain of porins has been identified which consists of 87
amino acids, located in the BLpp sequence 30 amino acids downstream of the N-terminal region. In bacteroids,
mRNA of the BLpp gene shows a basal constitutive expression that increases under glyphosate treatment, and
the expression of the gene is seemingly regulated at the transcriptional level. By contrast, in free-living bacteria
glyphosate treatment leads to an inhibition of BLpp mRNA accumulation, indicating a different effect of
glyphosate on BLpp gene expression in bacteroids and free-living bacteria. The possible role of BLpp in a
metabolite interchange between Bradyrhizobium and lupin is discussed.
The legume-Rhizobium symbiosis is a beneficial plant-micro-
organism interaction with high agronomical importance due to
its ability to fix atmospheric nitrogen. It is characterized by the
formation of root nodules on the host plant, a complex process
regulated by both plant and bacteria (15, 24). Once bacteria
are inside the root cells, they are surrounded by a peribac-
teroidal membrane (PBM) which initially originates from the
plant plasma membrane (40, 43). Rhizobia and PBM form an
organelle called the symbiosome, the nitrogen fixing unit. In
the symbiosome, rhizobia are transformed into bacteroids (dif-
ferentiated bacteria), which perform nitrogen fixation, thereby
providing ammonium to the plant and obtaining sources of
carbon and energy from the host.
The efficiency of nitrogen fixation depends upon the plant-
bacteria combination. It has been previously shown that the
symbiosis established between Lupinus albus plants and the
slow-growing soil bacteria Bradyrhizobium sp. (Lupinus) is very
effective (4). Lupin plants have a high seed protein value, a
positive effect on soil fertility (39), and a tolerance to different
abiotic stresses (13, 18).
The rhizobia-legume symbiosis is very sensitive to herbi-
cides, since these compounds interfere directly with plant
metabolism, and, indirectly, they exert a negative effect on the
microsymbionts. In addition, they have adverse effects on
rhizobia in the rhizosphere, thus disturbing the formation of
nodules (44). Among herbicides, glyphosate (N-[phosphono-
methyl] glycine) is one of the most frequently employed in
agricultural practices, due to its immobility, quick inactivation,
and degradation in soil (27). Also, several species of soil bac-
teria can metabolize glyphosate, including members of the
Rhizobiaceae family (25, 31).
Glyphosate disrupts the biosynthesis of aromatic amino ac-
ids in the plant (1), inhibiting the shikimate pathway by com-
peting with the substrate phosphoenolpyruvate for a binding
site on the 5-enolpyruvylshikimato-3 phosphate synthase en-
zyme (EC 2.5.1.19). This enzyme is present in all plants, bac-
teria, and fungi but not in animals. In addition to causing a
deficit in aromatic amino acids (phenylalanine, tyrosine, and
tryptophan), glyphosate also interferes with the biosynthesis of
secondary products derived from these aromatic amino acids.
This affects the biosynthesis of proteins, phytoalexins, folic
acid, cinnamic acids, lignin precursors, flavonoids, plastoqui-
none, and other phenolic compounds (11).
Previous studies of the effect of glyphosate treatment on the
lupin-Bradyrhizobium sp. (Lupinus) system demonstrated early
senescence and leaf necrosis after 24 h of herbicide application
at concentrations as low as 2.5 mM (9). Moreover, glyphosate
altered carbon and phenolic metabolism and caused an ad-
verse effect on symbiosome ultrastructure, depending upon the
time of exposure and concentration applied (9). In addition, it
was observed that not only was nitrogenase activity decreased
rapidly in Bradyrhizobium sp. (Lupinus) bacteroids but also the
* Corresponding author. Mailing address: Centro de Ciencias
Medioambientales, CSIC, Serrano, 115-bis, E-28006 Madrid, Spain.
Phone: 34 91 7452500. Fax: 34 91 5640800. E-mail: mfernandezp
@ccma.csic.es.
† Present address: Department of Forest Systems and Resources,
Center of Forest Research, Carretera de La Corun˜a km 7.5, E-28040
Madrid, Spain.
 Published ahead of print on 8 June 2007.
5075
amount of the two nitrogenase components (Mo-Fe protein
and Fe protein) diminished after glyphosate application (10).
Following on from the observation that protein content in
lupin leaves and either nodules or bacteroids decreased as the
glyphosate concentration increased (9), in this work we fo-
cused our attention on the study and characterization of a
44-kDa polypeptide which accumulated in the soluble fraction
of Bradyrhizobium sp. (Lupinus) bacteroids at the highest doses
of herbicide. Sequence analysis of this polypeptide showed
significant homology to bacterial porins.
These proteins are located in the outer membrane (OM) of
gram-negative bacteria and a group of gram-positive bacteria
(6, 32), as well as in the membranes of different organelles such
as mitochondria, peroxisome, and chloroplasts. They form long
watery channels, allowing the diffusion of specific compounds
such as mono- and disaccharides (LamB and ScrY), nucleo-
sides (TsX), and ions (21) (specific porins) or hydrophilic mol-
ecules (600 Da) (general porins) (30).
The expression and/or activity of these OM proteins is af-
fected by external environmental conditions such as water
availability, pH, pCa ( log [Ca2]), osmotic pressure, oxida-
tive stress, heavy metals, temperature, shortage of nutrients,
anoxia, and salinity (3, 17, 30, 37). This suggests a possible role
for the Bradyrhizobium sp. (Lupinus) 44-kDa polypeptide in
the interaction between the bacteroids and the surrounding
medium.
MATERIALS AND METHODS
Bacterial and plant culture. Bradyrhizobium sp. (Lupinus) strain ISLU16 was
grown at 28°C with orbital shaking in either Vincent (41) or tryptone-yeast
extract medium at pH 6.8. Escherichia coli strains DH5 and SURE were grown
in Luria-Bertani culture medium.
Lupinus albus L. cv. Multolupa seeds were surface sterilized in 0.1% HgCl2 for
5 min and then washed several times with sterile distilled water. Seeds were sown
in pots containing vermiculite and watered with nitrogen-free nutrient solution
(23). Plants were grown in a growth chamber at 25/15°C (day/night) temperature
and 60 to 70% relative humidity, with a 16-h photoperiod and a quantum
irradiance of 190 E m2 s2. The plants were inoculated twice (first at sowing
and then 1 week later) with a 1 ml of a suspension of ISLU16 (108 CFU) grown
in Vincent medium (41).
Glyphosate treatment. For free-living bacteria, glyphosate (Roundup;
Monsanto) was added to cultures of Bradyrhizobium sp. (Lupinus) ISLU16 at
concentrations of 31.25 and 62.5 M.
For plants, the aerial part was sprayed with 2 ml of glyphosate in water using
half of the field-recommended dose (10 mM), as well as lower doses (5, 2.5, and
1.25 mM), 5 weeks after sowing. Nodules were detached 3, 5, and 7 days
after herbicide application, immediately frozen in liquid nitrogen, and stored
at 80°C.
Isolation of bacteroids and protein extraction. Bacteroids were isolated by
centrifugation from 1 g of nodules as previously described (8), with some mod-
ifications (10). The resuspended bacteroid pellet was sonicated in an ice-salt bath
with 25 pulses of 40 s at 50% intensity using a Vibrate-Cell model VC-375.
Bacteroid breaking was verified by optic microscopy, after which the sample was
centrifuged at 15,000  g for 15 min at 4°C. Protein content in the supernatant
was estimated by the Bradford assay (Bio-Rad), using bovine serum albumin as
a standard. Proteins were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (22) using denaturing 12.5% polyacrylamide
gels. Electroblotting of proteins to polyvinylidene difluoride membranes was
carried out for 2 h at 20 V in a semidry system (Bio-Rad). The polyvinylidene
difluoride membranes were washed in methanol for 5 min, followed by staining
with Ponceau red for 3 min, which was halted with 50% methanol. After the
stained protein band was cut out, the sequencing of its N termini was performed
directly onto the membranes using the standard Edman degradation techniques
in an Applied Biosystems Procise-494 protein sequencer.
Genomic DNA isolation and Southern analysis. Bacterial DNA was isolated
by phenol:chloroform:isoamyl alcohol extraction as described previously (2). The
genomic DNA (15 g) was digested with restriction enzymes BamHI, EcoRI,
and HindIII (Amersham Pharmacia Biotech) and separated on 1.2% agarose
gels. After electrophoresis, the DNA was transferred onto Hybond-N nylon
membranes (Amersham Pharmacia Biotech) and hybridized with digoxigenin
(DIG)-labeled RNA probe specific for the Bradyrhizobium sp. (Lupinus) putative
porin (BLpp) (35). RNA probes were prepared by transcribing with SP6 RNA
polymerase SacII-linearized plasmid Pbnm, which contained a 523-nucleotide
(nt) DNA fragment corresponding to nt 193 to 716 of the BLpp gene.
Blots were washed and incubated with anti-DIG antibody, and immunodetec-
tions were performed according to the DIG Luminescent Detection kit instruc-
tions (Roche Diagnostics).
PCR amplification of genomic DNA. To clone the gene encoding the BLpp
protein, a Universal Genome Walker kit (Clontech) was used. Genomic DNA
aliquots (0.1 g) were each digested with restriction endonucleases (DraI,
EcoRV, PvuII, ScaI, and StuI), DNA fragments were ligated to the Genome
Walker Adaptor, according to the manufacturer’s instructions. The nucleotide
sequence of the specific primer n1 (nucleotide positions 120 to 145, 5-TACGG
CGCCGGCTTCTACTACATCC-3) was designed based upon the N-terminal
20-amino-acid sequence of the 44-kDa polypeptide. Gene-specific primers n2
(nucleotide positions 273 to 298, 5-TAAGGTCGACACGGGATTGAGCAGT-
3), n3 (nucleotide positions 533 to 560, 5-ATGGGCAAACTATCCGGCGAAC
AGCTT-3), and n4 (nucleotide positions 1499 to 1523, 5-TACGTAATGCTCGA
CCAGAAGTATG-3) were designed after nucleotide sequence analysis of the
different DNA amplified fragments. Primers (n1 to n4) were used for PCR-based
DNA walking in the five libraries following the protocols supplied by the manufac-
turer. The resulting PCR products were electrophoresed in 0.8% agarose gels and
stained with ethidium bromide. Gel-eluted DNA bands were cloned using the
pGEM-T Easy vector (Promega) for E. coli DH5 and SURE competent cell
transformation.
RNA isolation and Northern analysis. Total RNA from nodules (100 to 300
mg) was isolated by phenol extraction and LiCl precipitation as described pre-
viously (16), and extraction of RNA from free-living bacteria was performed by
using an RNeasy Kit (QIAGEN).
Electrophoresis of total RNA from nodules and bacteria was performed under
denaturing conditions (35). Samples (5 g) were denatured and separated on
1.5% agarose-formaldehyde gels at 7 V/cm for 2 h. RNA was transferred to nylon
membranes (Hybond-N; Amersham Pharmacia Biotech) and hybridized with
the specific DIG-labeled BLpp RNA probe as described previously (35). Immu-
nodetection of the bound probe was performed according to instructions for the
DIG Luminescent Detection kit (Roche Diagnostics).
Sequencing analysis and model building procedure. DNA sequencing was
performed in an ABI PRISM 377 (Applied Biosystems/Perkin-Elmer) se-
quencer. Nucleotide and amino acid sequences were analyzed using bioinfor-
matics services and the available sequence databases publicly provided by NCBI
(National Center for Biotechnology Information) and European Bioinformatics
Institute. Homology sequence analysis of BLpp conserved domains was carried
out by the BLAST program at the NCBI server (http://www.ncbi.nih.gov
/BLAST). The recognition of an overall fold for the BLpp protein was based on
FIG. 1. SDS-PAGE of soluble proteins from bacteroids of Brady-
rhizobium sp. (Lupinus) ISLU16 (B) and free-living bacteria (FLB) of
control (lanes 1 and 6, respectively) and after 7 days of glyphosate
treatment at concentrations of 1.25 mM (lane 2), 2.5 mM (lane 3), 5
mM (lane 4), 10 mM (lane 5), and 31.25 M (lane 7). A total of 35 g
of protein was loaded per lane. Numbers on the left indicate molecular
size markers in kilodaltons.
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the resultant threading predictions from the 3D-PSSM (20) and Libellula (19)
programs.
The multiple sequence alignment (Clustal W, version 1.82) of the BLpp con-
served domain with the sequences from published porin proteins was used for
phylogenetic tree reconstruction. The phylogenic analysis was performed accord-
ing to the neighbor-joining method (34).
RESULTS
Effects of glyphosate on the protein pattern of lupin nodule
bacteroids and free-living Bradyrhizobium sp. (Lupinus) ISLU16
bacteria. To gain insight into the changes that glyphosate treat-
ment could induce in the protein metabolism of bacteroids
isolated from glyphosate-treated lupin nodules, the bacteroid-
soluble protein pattern was analyzed by SDS-PAGE electro-
phoresis after 3, 5, and 7 days of treatment. As shown in Fig. 1,
the most significant change was the detection, from 5 days
onward, of a protein band of 44 kDa in bacteroidal extracts
from plants treated with the herbicide at doses of 2.5, 5, and 10
mM, with a remarkable increase between 2.5 and 5 mM. By
contrast, the band could not be visualized in bacteroid extracts
from control, untreated plants or from those with a 1.25 mM
dose of herbicide. To determine whether this change was also
observed in free-living bacteria, the soluble protein extracts
from bacteria grown in the presence and absence of glyphosate
were analyzed. For this assay, the doses of herbicide used were
31.25 and 62.5 M. These levels were chosen as the growth of
bacteria in culture medium is adversely affected in the pres-
ence of glyphosate, such that doses higher than 62.5 M fully
inhibited bacterial growth (9). In this analysis, the 44-kDa
band was undetected in the protein pattern from free-living
FIG. 2. Alignment of the predicted amino acid sequence of BLpp with three proteins with a high degree of identity. Conserved residues in
proteins are shadowed in black, conservation of strong groups is shown in dark gray, and conservation of weak groups is shown in light gray. Amino
acid numbers are shown at left. Underlining indicates the N-terminal amino acid sequence of BLpp.
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bacteria grown in the presence or absence of glyphosate, and
there were no appreciable changes between the extracts
(Fig. 1).
Characterization of the 44-kDa polypeptide (BLpp). In
order to characterize the 44-kDa polypeptide, the sequence
of 20 amino acids at its NH2 terminus was determined by the
Edman degradation method. The established amino acid se-
quence was identical to sequences from two proteins from
Bradyrhizobium japonicum (USDA110 strain), corresponding
to a putative porin (Bjpp) (NP_773528) and to a hypothetical
protein of unknown function (NP_771716). It also shared se-
quence similarity with other bacterial proteins, also described
as porins, such as those from Rhodopseudomonas palustris and
Mesorhizobium loti. Based upon these analyses, the protein was
named BLpp.
To isolate the gene(s) encoding the protein, the genomic
DNA libraries constructed with the Universal Genome Walker
kit were amplified by PCR, using adaptor (outer or nested)
primers and gene-specific primers. By using BLpp-specific
primer n1, a DNA fragment of 523 nt was amplified from the
StuI library, corresponding to nt 193 to 716 of the BLpp gene.
A 5 overlapping 468-nt fragment and a 3 overlapping 981-nt
fragment were isolated from each of the PvuII and EcoRV
libraries, using BLpp-specific primers n2 and n3, respectively.
Another DNA fragment of 969 nt was obtained from the StuI
library by using BLpp-specific primer n4. The nucleotide se-
quence analysis of the 2,467-nt fragment contained in the four
overlapping cloned DNA fragments showed that it harbored
an open reading frame of 1,521 bp encoding a protein of 506
amino acids, with a calculated molecular mass of 52,922 Da. A
possible ribosome binding site (GGAGG) was identified 6 nt
upstream of the predicted translation start codon. Analysis of
the nucleotide sequence showed that the BLpp gene shared a
66% identity with the gene bll5076 (gene identifier 1051796)
encoding a hypothetical protein (NP_771716) of B. japonicum
USDA110 (BA000040). The BLpp gene also shared identities of
60% with R. palustris (CGA009) locus tag RPA3423 (gene iden-
tifier 2691513), and 59% with segment 1/4 of M. loti R7A symbi-
osis island (MLO672112) and the gene mll4029 (BA000012.4),
encoding Omp2b porin from M. loti MAFF303099.
The analysis of the deduced amino acid sequence of the
encoded polypeptide predicted the existence of a signal pep-
tide with the most likely cleavage site between positions 22 and
23 at the 3-amino-acid consensus peptidase cleavage site
(AQA-AD). However, the experimental data obtained from
direct sequencing of the protein showed that the N-terminal
residue corresponded to amino acid position 34, thus indicat-
ing that processing of the polypeptide takes place between
amino acid positions 33 and 34, where a putative glutamyl
endopeptidase cleavage site was predicted by the Expasy Pep-
tide Cutter server. Cleavage of the putative signal peptide and
processing of the protein would result in a mature polypeptide
of 473 amino acids with a predicted molecular mass of 49,638
Da. This value is in good agreement with the 44 kDa, the
molecular mass of the BLpp polypeptide, as empirically deter-
mined by SDS-PAGE analysis. The processed polypeptide
would have a theoretical pI of 6.56, and its most likely subcel-
lular localization would be the bacterial OM, according to
Psort prediction.
Analysis of the BLpp deduced amino acid sequence showed
a high degree of identity with three hypothetical proteins of
B. japonicum: 61% with the Bll4983 protein, called Bjpp
(NP_771623); 60% with Bll5076 protein, Bjhp (NP_771716);
and 59% with Bll6888, a protein described as putative porin,
Bjpp2 (NP_773528) (Fig. 2). Moreover, BLpp also shared a
high degree of identity with either putative porins or OM
proteins from other bacterial species, showing identity values
of 46% with the putative Omp2b porin (NP_945891) from R.
palustris, 43% with an Omp2b porin from Brucella melitensis
bv. abortus (NP_AAF80104), 37% with another porin
(NP_107994), 29% with an Omp2b porin (BAB50784) from M.
loti, and 30% with Omp2a and Omp2b porins (AAG15256 and
AF300817, respectively) from Brucella cetaceae. It also shared
30% identity with a putative OM protein (NP_385162) from
Sinorhizobium meliloti and 42% identity with an OM protein
(NP_531717) from Agrobacterium tumefaciens.
From the multiple alignments of the predicted amino acid
sequences from these proteins, a putative conserved domain of
porins was identified. It consisted of 87 amino acids, located in
the BLpp sequence 30 amino acids downstream from the N-
terminal region. Comparisons of this domain among the amino
acid sequences of BLpp and other putative porins indicated
that BLpp shared 70% of identity with Bjpp, 71% with Bjpp2,
and 68% with Bjhp. This reveals a high degree of amino acid
sequence conservation of this domain in the porin family.
Phylogenetic analysis with the neighbor-joining method
FIG. 3. A neighbor-joining phylogenetic tree reconstructed from
the multiple sequence analysis of a putative conserved domain of
porins in different bacteria. Agroba-t, A. tumefaciens; Barton-h,
Bartonella henselae; Bradyr-j, B. japonicum; Brucel-B14/94, Brucella
sp. strain B14/94; Brucel-m, Brucella melitensis; Mesorh-l, M. loti;
Rhodo-p, R. palustris; Sinorh-m, S. meliloti. Values for nodes with
bootstrap support above 70% are indicated.
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of this putative conserved domain among different porins
indicated the existence of several clusters (Fig. 3). BLpp
(AY452712) is grouped in a higher-level cluster with B. japoni-
cum and R. palustris porins next to rhizobia and far away from
porins of animal pathogens such as Brucella or Bordetella.
The overall fold of the protein could not be established since
its overall sequence identity with any protein of experimentally
determined three-dimensional structure is lower than 30%.
However, the most reliable fold yielded by the threading meth-
ods used was a transmembrane beta-barrel corresponding to
chain P of sucrose-specific porin (Protein Data Bank code
1A0T) from Salmonella enterica serovar Typhimurium, an OM
protein from enterobacteria which belongs to the porin super-
family. According to the predicted secondary structure, BLpp
FIG. 4. Predicted secondary structure of BLpp aligned to 1A0T. H, -helix structure (arrow); E, 	-strand (cylinder); C, coil; BLpp_PS,
predicted secondary structure of BLpp; 1A0T, sequence of chain P sucrose-specific porin; 1A0T_SS, known secondary structure of chain P
sucrose-specific porin. The panel at bottom shows top (left) and side (right) views of the 1A0T protein. The protein backbone is represented by
ribbons. N and C indicate the amino- and carboxy-terminal ends.
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protein would be basically a 	-strand with -helices encom-
passing residues 3 to 17 at the initiation of the signal peptide
and at residues 392 to 418 (Fig. 4).
Southern blot analysis of Bradyrhizobium sp. (Lupinus) DNA
was performed by using the plasmid Pbnm as a probe for the
bacterial DNA digested with each of the restriction enzymes
BamHI, EcoRI, and HindIII. No restriction sites for these
enzymes were present in the probe. In each BamHI-, EcoRI-,
and HindIII-digested DNA, only one hybridization band of
approximately 6,108 bp, 22,740 bp, and 21,226 bp, respectively,
was observed, indicating that BLpp is encoded by a single gene
in the bacterial genome (Fig. 5).
Expression patterns of BLpp in Bradyrhizobium sp. (Lupi-
nus) free-living bacteria and bacteroids under glyphosate
treatment. In order to determine whether the expression of
BLpp was transcriptionally regulated and to analyze the effect
of the glyphosate treatment, Northern blot analysis was per-
formed on total RNA extracted from both Bradyrhizobium sp.
(Lupinus) free-living bacteria and bacteroids. The analysis re-
vealed that untreated free-living bacteria and bacteroids
showed basal constitutive expression of BLpp RNA, but dif-
ferent BLpp expression patterns were observed for free-living
bacteria and bacteroids after glyphosate treatment (Fig. 6A
and B). Thus, in free-living bacteria BLpp RNA was not de-
tected after herbicide treatment (Fig. 6B). By contrast, in bac-
teroids, BLpp RNA increased with increasing concentrations
of herbicide (Fig. 6A). The quantification of the relative BLpp
RNA transcript accumulation level indicated a dose effect in
BLpp RNA accumulation, increasing when plants were treated
with increasing doses of herbicide, from 2.5 mM to 10 mM.
DISCUSSION
Biological nitrogen fixation is a complex system that is
strongly related to the physiological state of the host plant.
Therefore, environmental stresses not only have a detrimental
effect on metabolism, growth, and plant development but also
affect the Rhizobium-legume symbiosis.
As assayed in the present work, glyphosate treatment of
nodulated lupin plants produces some changes in the protein
pattern of Bradyrhizobium sp. (Lupinus) ISLU16 bacteroids, in
particular, the accumulation of a 44-kDa bacteroidal polypep-
tide that was not detected in bacteroids from nodules of un-
treated plants. By amino acid sequence analysis of the N-
terminal region and its coding region, this polypeptide has
been identified as a putative porin (BLpp) encoded by the
bacterial DNA. Thus, the data revealed that the increase of the
44-kDa polypeptide was not due to either plant or PBM pro-
tein contamination of the bacteroid protein extracts. There-
fore, this represents the first time that a change in polypeptide
pattern has been detected in bacteroids from nodules of plants
treated with herbicides.
Based upon the analysis of the nucleotide sequence of the
BLpp gene and of its deduced amino acid sequence, BLpp
shares a high degree of identity with a putative porin of B.
japonicum (Bjpp) and with other proteins also described as
porins from R. palustris and M. loti. Both species have a close
phylogenetic relationship to Bradyrhizobium spp. according to
their 16S rRNA gene sequences (7). BLpp also shares identity
with porin proteins from other less related phylogenetic bac-
teria such as Brucella. Such homology is not surprising because
rRNA and DNA hybridizations have shown the close phyloge-
netic origin of Brucella and bacteria of the Agrobacterium-
Rhizobium complex (7), and all of them are included in the
alpha-2 subdivision of the class Proteobacteria (5, 42). These
FIG. 5. Southern blot analysis of Bradyrhizobium sp. (Lupinus) with
a Pbnm RNA probe. Fifteen micrograms of genomic DNA was di-
gested with the restriction enzymes (BamHI, EcoRI, and HindIII) and
loaded on each lane.
FIG. 6. Expression of BLpp mRNA in bacteroids from nodules of
Lupinus albus-Bradyrhizobium sp. ISLU16 (A) and free-living bacteria
(B), grown in the presence of different doses of glyphosate. The lanes
in panel A are as follows: lane 1, nodules from control plants; lanes 2,
3, and 4, nodules from plants treated with 2.5, 5 and 10 mM glyphosate,
respectively. The lanes in panel B are as follows: lane 1, free-living
ISLU16 grown without glyphosate; lanes 2 and 3, ISLU16 grown with
31.25 and 62.5 M glyphosate, respectively. Total RNA (5 g) was
loaded on agarose-formaldehyde gels, blotted onto nylon membrane,
and hybridized to BLpp-specific DIG-labeled RNA probes. The ex-
pected size for the BLpp mRNA was 1.5 kb. Ethidium bromide stain-
ing of RNA was used as a loading control.
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bacteria are characterized by living in close association with
animals or plants, either as pathogens or as symbionts (29).
The identification of a putative conserved domain of the
porin superfamily near the N-terminal amino acid sequence of
BLpp and the similarity of the predicted secondary structure of
BLpp to the sucrose-specific porin ScrY from S. enterica sero-
var Typhimurium (12, 14) further support the hypothesis that
this protein could belong to the porin superfamily. Several
clusters have been found in the phylogenetic analysis of this
conserved motif, with BLpp forming a cluster at the bottom of
the tree, where putative porins from B. japonicum and Omp2b
porins from R. palustris are the closest relatives (Fig. 3). This is
in agreement with the close phylogenetic relationship between
these bacterial species (36).
Computational analysis of the BLpp protein indicates that
its likely subcellular localization is the bacteria OM. In spite of
this, electrophoretic analysis showed that the protein was ex-
tracted in the soluble fraction of Bradyrhizobium sp. (Lupinus)
bacteroids from nodulated lupin plants treated with the highest
glyphosate doses utilized. This anomaly could be due to the
major changes in bacteroidal membranes that take place as a
consequence of herbicide treatment (9).
The analysis of BLpp gene expression shows basal constitu-
tive expression in both free-living bacteria and bacteroids of
Bradyrhizobium sp. (Lupinus) from lupin nodules grown with-
out glyphosate treatment. However, herbicide treatment has a
dual effect depending on the bacteria state, with glyphosate
treatment inhibiting BLpp gene expression in free-living bac-
teria while up-regulating its transcription in bacteroids (Fig. 6).
This differentiation suggests that the induction of BLpp gene
expression was not directly regulated by glyphosate in Brady-
rhizobium sp. (Lupinus) bacteroids but in response to herbi-
cide-induced changes in plant symbiosome metabolism. Such a
response would explain why BLpp gene expression is increased
at the higher glyphosate doses, when cellular damage and
adverse effects are also higher.
Regulation of BLpp porin expression could occur as a re-
sponse to the presence of chemical compounds into the me-
dium. High concentrations of glyphosate have a toxic effect
over free-living Bradyrhizobium sp. (Lupinus) bacteria (9), and
an increase in the accumulation of hydroxybenzoic acids has
been described in B. japonicum bacteria when grown in glypho-
sate medium (28). In this sense, it is plausible to consider that
its transcriptional regulation is similar to that of OmpF porin
synthesis in E. coli and Serratia marcescens, which is diminished
when salicylate is present in the medium (3, 33).
Previous work has shown that integrity of the PBM plays an
important role in the maintenance of turgor in the nonvacu-
olated infected cells of lupin nodules (9). Glyphosate treat-
ment is detrimental to the symbiosome membrane, and as a
consequence of its disintegration or rupture, osmotic adjust-
ment and transport inhibition between bacteroids and plant
cytosol would take place, limiting availability of solutes. This
rupture of metabolic exchange could be the cause of the in-
crease in BLpp gene expression as an attempt to preserve
nutrient transport toward the interior of the bacteroids, such as
has been described for E. coli OmpF porin expression under
glucose limitation (26). Therefore, if the peribacteroid mem-
brane plays a strategic role in a symbiotic exchange through the
bacteroidal membrane (38), BLpp protein could play an im-
portant role in controlling metabolite exchange between the
plant and bacteroid in lupine nodules, which would indicate
that BLpp gene differential expression is an adaptative re-
sponse to stress.
This works represents the first description of a porin from
Bradyrhizobium sp. (Lupinus), but several aspects of the struc-
ture and function of BLpp protein are still to be determined.
Future investigations will be required to unravel these ques-
tions.
ACKNOWLEDGMENTS
We thank F. R. Minchin for revising the manuscript. We thank M. I.
Menendez for technical work.
This work was supported by grants 142/CH-39 and 168/CH-47 from
Junta de Comunidades de Castilla-La Mancha (C-LM) and BIO2004-
04968-C02 from CICYT. N.D.M. was supported by a C-LM predoc-
toral fellowship.
REFERENCES
1. Amrhein, N., B. Deus, P. Gehrke, and H. C. Steinru¨cken. 1980. The site of
the inhibition of the shikimate pathway by glyphosate. Plant Physiol. 66:830–
834.
2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl. 1992. Short protocols in molecular biology, 2nd ed.
John Wiley & Sons, Inc., Hoboken, NJ.
3. Begic, S., and E. A. Worobec. 2006. Regulation of Serratia marcescens ompF
and ompC porin genes in response to osmotic stress, salicylate, temperature
and pH. Microbiology 152:485–491.
4. Burns, R. C., and R. W. F. Hardy. 1975. Nitrogen fixation in bacteria and
higher plants. Springer-Verlag, New York, NY.
5. Cloeckaert, A., J. M. Verger, M. Grayon, and N. Vizcaino. 1996. Molecular
and immunological characterization of the major outer membrane proteins
of Brucella. FEMS Microbiol. Lett. 145:1–8.
6. Delcour, A. H. 2002. Structure and function of pore-forming beta-barrels
from bacteria. J. Mol. Microbiol. Biotechnol. 4:1–10.
7. de Ley, J., W. Mannheim, P. Segers, A. Lievens, N. Denijn, N. Vanhoucke,
and N. Gillis. 1987. Ribosomal ribonucleic acid cistron similarities and
taxonomic neighbourhood of Brucella and CDC group Vd. Int. J. Syst.
Bacteriol. 37:35–42.
8. Delgado, M. J., J. J. Drevon, and E. J. Bedman. 1992. Denitrification by
bacteroids of an uptake hydrogenase negative Hup and its isogenic Hup
parental strain of Bradyrhizobium japonicum. FEMS Microbiol. Lett. 77:157–
162.
9. de Marı´a, N., M. R. de Felipe, and M. Ferna´ndez-Pascual. 2005. Alterations
induced by glyphosate on lupin photosynthetic apparatus and nodule ultra-
structure and some oxygen diffusion related proteins. Plant Physiol. Bio-
chem. 43:985–996.
10. de Marı´a, N., J. M. Becerril, J. I. Garcı´a-Plazaola, A. Herna´ndez, M. R. de
Felipe, and M. Ferna´ndez-Pascual. 2006. New insights on glyphosate mode
of action in nodular metabolism: role of shikimate accumulation. J. Agric.
Food Chem. 54:2621–2628.
11. Dewick, P. M. 1998. The biosynthesis of shikimate metabolites. Nat. Prod.
Rep. 15:17–58.
12. Dumas, F., S. Frank, R. Koebnik, E. Maillet, A. Lustif, and P. Van Gelder.
2000. Extended sugar slide function for the periplasmic coiled-coil domain of
ScrY. J. Mol. Biol. 300:687–695.
13. Ferna´ndez-Pascual, M., C. de Lorenzo, M. R. de Felipe, S. Rajalakshmi,
A. J. Gordon, B. J. Thomas, and F. R. Minchin. 1996. Possible reasons for
relative salt stress tolerance in nodules of white Lupin cv. Multolupa. J. Exp.
Bot. 47:1709–1716.
14. Forst, D., W. Welte, T. Wacker, and K. Diederichs. 1998. Structure of the
sucrose-specific porin ScrY from Salmonella typhimurium and its complex
with sucrose. Nat. Struct. Biol. 5:37–46.
15. Gage, D. J. 2004. Infection and invasion of roots by symbiotic, nitrogen-fixing
rhizobia during nodulation of temperate legumes. Microbiol. Mol. Biol. Rev.
68:280–300.
16. Goormachtig, S., M. Valerio-Lepiniec, K. Szczyglowski, M. van Montagu, M.
Holsters, and F. J. de Bruijn. 1995. Use of differential display to identify
novel Sesbania rostrata genes enhanced by Azorhizobium caulinodans infec-
tion. Mol. Plant-Microbe Interact. 8:816–824.
17. Gu, R., S. Fonseca, L. G. Puskas, L. J Hackler, A. Zvara, D. Dudits, and
M. S. Pais. 2004. Transcript identification and profiling during salt stress and
recovery of Populus euphratica. Tree Physiol. 24:265–276.
18. Guasch, L. M., M. R. de Felipe, and M. Ferna´ndez-Pascual. 2001. Effects of
different O2 concentrations on nitrogenase activity, respiration and O2 dif-
fusion resistance in Lupinus albus L. cv. Multolupa nodules. J. Plant Physiol.
158:1395–1402.
VOL. 73, 2007 PORIN IN BRADYRHIZOBIUM SP. (LUPINUS) BACTEROIDS 5081
19. Juan, D., O. Gran˜a, F. Pazos, P. Fariselli, R. Casadio, and A. Valencia. 2003.
A neural network approach to evaluate fold recognition results. Proteins
50:600–608.
20. Kelley, L. A., R. M. MacCallum, and M. J. E. Sternberg. 2000. Enhanced
genome annotation using structural profiles in the program 3D-PSSM. J.
Mol. Biol. 299:499–520.
21. Koebnik, R., K. P. Locher, and P. Van Gelder. 2000. Structure and function
of bacterial outer membrane proteins, barrels in a nutshell. Mol. Microbiol.
37:239–253.
22. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680–685.
23. Lang, P., R. Martı´n, and M. P. Golvano. 1993. Effect of nitrate on carbon
metabolism and nitrogen fixation in lupin root nodules Lupinus albus L. cv.
Multolupa. Plant Physiol. Biochem. 31:639–648.
24. Limpens, E., and T. Bisseling. 2003. Signalling in symbiosis. Curr. Opin.
Plant Biol. 6:343–350.
25. Liu, C. M., P. A. McLean, C. C. Sookdeo, and F. C. Cannon. 1991. Degra-
dation of the herbicide glyphosate by members of the family Rhizobiaceae.
Appl. Env. Microbiol. 57:1799–1804.
26. Liu, X., and T. Ferenci. 1998. Regulation of porin-mediated outer membrane
permeability by nutrient limitation in Escherichia coli. J. Bacteriol. 180:3917–
3922.
27. Mallik, J., G. Barry, and G. Kishore. 1989. The herbicide glyphosate. Bio-
factors 2:17–25.
28. Moorman, T. B., J. M. Becerril, J. Lydon, and S. O. Duke. 1992. Production
of hydroxybenzoic acids by Bradyrhizobium japonicum strains after treatment
with glyphosate. J. Agric. Food Chem. 40:289–293.
29. Moreno, E., E. Stackebrandt, M. Dorsch, J. Wolters, M. Busch, and H.
Mayer. 1990. Brucella abortus 16S rRNA and lipid A reveal a phylogenetic
relationships with members of the alpha-2 subdivision of the class Proteobac-
teria. J. Bacteriol. 172:3569–3576.
30. Nikaido, H. 2003. Molecular basis of bacterial outer membrane permeability
revisited. Microbiol. Mol. Biol. Rev. 67:593–656.
31. Parker, G. F., T. P. Higgins, T. Hawkes, and R. L. Robson. 1999. Rhizobium
(Sinorhizobium) meliloti phn genes: characterization and identification of
their protein products. J. Bacteriol. 181:389–395.
32. Riess, F. G., U. Dorner, B. Schiffler, and R. Benz. 2001. Study of the prop-
erties of a channel-forming protein of the cell wall of the gram-positive
bacterium Mycobacterium phlei. J. Membr. Biol. 182:147–157.
33. Rosner, J. L., K. J. Chai, and J. Foulds. 1991. Regulation of OmpF porin
expression by salicylate in Escherichia coli. J. Bacteriol. 173:5631–5638.
34. Saitou, N., and M. Nei. 1987. The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406–425.
35. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Springer Harbor Laboratory Press, Cold
Springer Harbor, NY.
36. Sawada, H., L. D. Kuykendall, and J. M. Young. 2003. Changing concepts in
the systematics of bacterial nitrogen-fixing legume symbionts. J. Gen. Appl.
Microbiol. 49:155–179.
37. Tyerman, S. D., C. M. Niemietz, and H. Bramley. 2002. Plant aquaporins:
multifunctional water and solute channels with expanding roles. Plant Cell
Env. 25:173–194.
38. Udvardi, M. K., and D. A. Day. 1997. Metabolite transport across symbiotic
membranes of legumes nodules. Annu. Rev. Plant Physiol. Plant Mol. Biol.
48:493–523.
39. Vance, C. P. 2001. Symbiotic nitrogen fixation and phosphorus acquisition.
Plant nutrition in a world of declining renewable resources. Plant Physiol.
127:390–397.
40. Verma, D. P. S., and Z. L. Hong. 1996. Biogenesis of the peribacteroid
membrane in root nodules. Trends Microbiol. 4:364–368.
41. Vincent, J. M. 1970. A manual for the practical study of root nodule bacteria.
IBP handbook 15. Blackwell Scientific Publications Ltd., Oxford.
42. Vizcaino, N., A. Cloeckaert, M. S. Zygmunt, and G. Dubray. 1996. Cloning,
nucleotide sequence, and expression of the Brucella melitensis omp31 gene
coding for an immunogenic major outer membrane protein. Infect. Immun.
64:3744–3751.
43. Whitehead, L. F., and D. A. Day. 1997. The peribacteroidal membrane.
Physiol. Plant. 100:30–44.
44. Zharan, H. H. 1999. Rhizobium-legume symbiosis and nitrogen fixation
under severe conditions and in an arid climate. Microbiol. Mol. Biol. Rev.
63:968–989.
5082 DE MARI´A ET AL. APPL. ENVIRON. MICROBIOL.
